Abstract. The perception of depth and slant in three-dimensional scenes specified by texture was investigated in five experiments. Subjects were presented with computer-generated scenes of a ground and ceiling plane receding in depth. Compression, convergence, and grid textures were examined. The effect of the presence or absence of a gap in the center of the display was also assessed. Under some conditions perceived slant and depth from compression were greater than those found with convergence. The relative effectiveness of compression in specifying surface slant was greater for surfaces closer to ground planes (80° slant) than for surfaces closer to frontal parallel planes (40° slant). The usefulness of compression was also observed with single-plane displays and with displays with surfaces oriented to reduce information regarding the horizon.
Introduction
There has been considerable progress in recent years in the study of the perception of three-dimensional (3-D) surfaces and objects from individual sources of information, such as binocular disparity and motion parallax, and from combinations of information from several sources. The present research addresses an issue that has received somewhat less attention-the effects on surface perception of the manner in which the surface is embedded in a 3-D scene. By a scene we mean simply the entire visible 3-D environment, whether real or simulated, presented to the observer. A display of a scene is distinguished from a display of an object or of a surface in that a scene contains objects or surfaces that can vary in depth and position.
The study of the perception of objects within scenes can occur at several levels. The top level is the scene, and the variables of interest are those that affect the overall perceived depth (1) of the scene. Variations in overall perceived depth are likely to affect perceived layout and may affect the perception of object properties. Studies of picture perception have demonstrated that the perceived depth of a scene is reduced when the image is viewed within a frame (Schlosberg 1941; Smith and Smith 1961 ; see also Goldstein 1987) or the visual field is truncated. Presence of a surrounding frame affects perceived shape and orientation of objects in actual 3-D scenes (Eby and Braunstein 1995) . Viewing a perspective projection of a pictured scene from an incorrect distance may result in a uniform rescaling of distances along the depth dimension (Sedgwick 1991) .
The next level is the layout-the relative positions of surfaces and objects within the scene. A considerable body of research has involved consideration of whether the layout of a scene is perceived veridically (eg DaSilva 1985; Gibson 1950; Purdy and Gibson 1955) . Other researchers have examined the perceived layout of real scenes under reduced viewing conditions (Gogel and Tietz 1973) . A large body of research has addressed the importance of different cues either in isolation (eg Chapanis and McCleary 1955; Fisher and Cuiffreda 1988; Gogel 1961; Sedgwick 1973 Sedgwick ,1983 1991) or in combination (1) We will use the term 'depth' to refer in general to the separation between feature points along the line of sight and the term 'distance' to refer to specific measures of this separation. Either term may be used in a viewer-centered context (distance from the eye) or an object-centered context (distances within an object).
(eg Bruno and Cutting 1988; Young et al 1993) , or concerned perceived layout under full-cue conditions (eg Levin and Haber 1993) . Cutting and Vishton (1995) present an excellent analysis of sources of information available for perceiving layout at various distances from the observer.
At the next level are surfaces and objects. Information about the relative depths within surfaces and objects, the orientation of surfaces, and the shapes of objects can be provided by cues that are the same as or different from those that provide information about the scene and layout. A considerable number of researchers have examined the recovery of 3-D shape from various cues including motion (eg Braunstein and Andersen 1981; Cortese and Andersen 1991; Lappin et al 1980; Rogers and Graham 1979; Todd and Bressan 1990) , shading (eg Bulthoff and Mallott 1988; Todd and Mingolla 1983) , texture (eg Stevens 1981) , and binocular disparity (eg Norman et al 1991) .
The present study is focused on the relationship between the layout of surfaces within a 3-D scene and surface texture in determining perceived depth and surface slant for planar surfaces with regular texture patterns (see figure 1). Gibson (1950) emphasized the importance of texture gradients in the perception of the 3-D world, and a number of researchers have since examined the effects of these gradients on perceived depth and surface slant. Several different decompositions have been proposed for describing texture gradients. One type of decomposition, which is the focus of the present study, involves components present in a perspective projection of a regular texture on a slanted surface. Under these conditions the projected texture may be described in terms of two components-a convergence gradient (a decrease in the projected spacing of texture elements in the direction parallel to the axis of rotation of the surface with increasing distance) and a compression gradient (a decrease in the projected spacing of texture elements in the direction perpendicular to the axis of rotation of the surface with increasing distance). This type of decomposition has been studied in several perceptual studies [Gillam 1968 [Gillam , 1970 Goodenough and Gillam 1997; Rosinski and Levine 1976; see Gillam (1995) for a discussion of this decomposition]. Other researchers, studying irregular textures, have decomposed projected textures into density, deformation, and perspective components (Blake et al 1993; see also Blake and Marinos 1990; Witkin 1981) .
Previous studies of texture gradients have been focused on the perception of surface slant and the perception of 3-D shape. For example, Attneave and Olson (1966) examined the ability of human observers to determine the direction of slant of surfaces receding in depth. They found that convergence (referred to in their article as a radial pattern of texture) was more useful than compression in performing this task. Braunstein and Payne (1969) investigated the role of perspective in perceived slant from texture. In their study the simulated slant of the surface and perspective were manipulated independently. In addition, different types of texture (regular-dot patterns, line patterns, and random-dot patterns) were examined. Their results indicated that perspective was more important in specifying slant than form ratio (the change in the vertical and horizontal spacing of elements of the slanted surface relative to frontal parallel), with greater slant reported for regular-dot and line patterns as compared with random-dot patterns. Gillam (1968) examined the effectiveness of compression and convergence for either monocular viewing or binocular viewing when the disparity conflicted with the texture information.
(2) Simulated slants ranged from 6° to 24°. The subject's task was to adjust a wheel to match the perceived slant of the displays. The results indicated that convergence was an effective source of information for perceived slant whereas compression resulted in poor estimates of slant. Verbal responses from a second study by Gillam (1970) indicated that observers had great difficulty in perceiving slant from a compression gradient alone.
(2)
By effectiveness we mean the degree to which a texture pattern indicates that a surface is extended in depth rather than frontal parallel.
Several other studies have provided results indicating that convergence is a more effective source of information for slant than compression. Rosinski and Levine (1976) found that convergence was judged as having greater slant than compression for simulated slants ranging from 30° to 70°. Cutting and Millard (1984) found that perspective (convergence) resulted in greater perceived slant than compression. Subjects were presented with pairwise comparisons of two displays containing different gradients (perspective, compression, or density) and were asked to indicate which of the two stimuli looked more like a flat surface receded in depth. The results indicated that perspective was most effective in specifying the slanted surface, followed by density, followed by compression.
Gibson's initial proposal of the effectiveness of texture gradients was in the context of specifying distance information. Surprisingly, few researchers have examined the use of texture information for depth perception and the relationship between perceived depth and perceived slant. In studies in which perceived depth of slanted surfaces has been examined the effectiveness of texture gradients has not been examined in isolation from other visual information (eg Cook 1978) . One exception is the study by Todd and Akerstrom (1987) , who examined the effectiveness of texture in the recovery of 3-D structure. In their study subjects were presented with displays simulating textured ellipsoids in which the major axis along the line of sight (the extent in depth) was varied. Subjects were asked to indicate the perceived depth of the ellipsoids. Their results indicate that judged depth was greater for displays in which compression varied (ie a compression gradient was present) than when compression was constant (ie no compression gradient was present). These results indicate the importance of compression in the recovery of 3-D shape from texture.
The purpose of the present study was to examine the perceived depth and slant of receded surfaces from texture. In the present study we used compression and convergence texture gradients that have been used in previous perceptual studies (Gillam 1968 (Gillam , 1970 (Gillam , 1995 Goodenough and Gillam 1997; Rosinski and Levine 1976) . Of particular interest was assessing the relative effectiveness of compression and convergence texture gradients in specifying scene depth and surface slant. In the first experiment we examined the perception of depth from texture gradients. Subjects were presented with computer-generated displays simulating scenes consisting of textured ground and ceiling planes that receded in depth to a fixed distance (see figure 1 ) with cylinders attached to the ground and ceiling planes by vertical poles. We examined the relative effectiveness of four types of regular textures by presenting subjects with projections either of equally spaced horizontal lines, of equally spaced vertical lines, or of the two patterns superimposed to form a grid. For comparison, we also presented observers with a texture pattern simulating a wooden plank floor. Observers were asked to make two different depth judgments. One judgment was the perceived distance from the observer's eye to the back of the planes. The second judgment was the perceived distance from the front of the planes to the back of the planes. Thus, these two responses assessed viewer-centered and object-centered depth, respectively.
2 Experiment 1: Depth judgments 2.1 Methods 2.1.1 Subjects. The subjects were six students from the University of California, Riverside, who were paid for their participation. All subjects had normal or corrected-to-normal vision and were naive with regard to the experiment. 2.1.2 Design. The independent variables were simulated depth (40 or 80 cm), texture (compression, convergence, grid, or plank pattern), and viewing method (synoptic (3) , monocular,
In synoptic viewing, identical images are presented to both eyes. It was included because in previous research Koenderink et al (1994) found increased depth in pictures with synoptic viewing. or binocular). All variables were run as within-subjects variables. Subjects were presented six replications of the displays (four surface textures x two depths) for each of the viewing conditions. Trials were blocked by viewing condition, with order of viewing conditions counterbalanced across subjects. Subjects also received eight practice trials (each combination of the two depths and four textures) at the beginning of each block.
2.1.3 Apparatus. The displays were presented on an SGI Onyx Reality Engine computer system. A response device 1.7 m long by 0.3 m high, placed directly adjacent (54 cm) to the subject, was used to indicate perceived distance (see figure 2) . The device consisted of two independently adjustable scales, each 133 cm long by 6.36 cm high. Each scale consisted of a strip of white tape and a sliding black occluder. The subject indicated a distance judgment by adjusting the visible length (horizontal extent) of the white tape, using the sliding occluder. One scale was used to indicate viewer-centered judgments (distances from the eye); the other was used to indicate object-centered judgments (distances within the scene). The subject's judgments (the length of each white tape that was visible when the subject completed a response) could be read by the experimenter on cm scales that were not visible to the subject. The maximum response on the device was 133 cm. The viewing apparatus consisted of a black box 15 cm by 9 cm. For synoptic viewing the box contained three right-angle prisms (Edmund Scientific high-tolerance prisms) used as a synopter (see Koenderink et al 1994) . The dimensions of the prisms were 30 mm by 30 mm (hypotenuse = 42 mm). The prisms were oriented so that each eye viewed the same image. For monocular viewing the subjects viewed the displays through the synopter with one eye occluded. For binocular viewing subjects viewed the displays through the box without the prisms. The optical distance between the eye and the monitor was 80 cm in all conditions. 2.1.4 Stimuli. The displays simulated scenes consisting of a ground and ceiling plane (see figure 1) extending either 40 or 80 cm in depth. The simulated slants for the 80 and 40 cm depths were 89.5° and 87.15°, respectively. Within the scene were two shaded cylinders (radii varied randomly between 1.09 and 1.64 cm) that were randomly positioned from the front of the scene along the depth axis (between 1.09 and 10.96 cm for the near cylinder; between 14.69 and 34.5 cm for the far cylinder). The cylinders were connected to the floor and ceiling planes by vertical poles.
(4) The displays were accurate geometric projections of the simulated scenes. Subjects viewed the displays through the viewing apparatus at the correct simulated viewing distance of 80 cm. The visual angle was 15.5 deg by 15.5 deg.
Four different texture patterns were examined-a grid, compression pattern, convergence pattern, or wooden plank. The grid pattern consisted of thirty-six horizontal and fourteen vertical lines for the 40 cm depth, and thirty-six horizontal lines and ten vertical lines for the 80 cm depth. The convergence texture consisted of fourteen and ten vertical lines for the 40 and 80 cm depths, respectively. The compression texture consisted of thirty-six horizontal lines. The wooden plank texture consisted of twelve and seventeen tiles for the 80 and 40 cm depths, respectively. 2.1.5 Procedure. Subjects participated individually in a darkened room. The response device was illuminated to allow the subject to view the device during responding. Subjects were told that they would be viewing scenes consisting of a ground and ceiling plane and that there would be objects on poles within the scenes. Subjects were not shown the unslanted two-dimensional texture pattern or given any other information about the textures that would be covering the surfaces. They were instructed to determine the perceived distance from the eye to the back of the ground plane (viewer-centered response) and the perceived distance from the front of the ground plane to the back of the ground plane (object-centered response). For each judgment they were instructed to adjust the scale so that the visible extent of the white tape matched the perceived depth. Subjects were encouraged to look back and forth between the display and the scale as often as needed in making their responses. Once the subjects had completed their measurements the experimenter recorded the distances and the next trial proceeded. During debriefing, subjects were asked, "Describe the appearance of the displays". (4) The cylinders and poles were not directly relevant to the current study but were present in the displays to maintain a consistent set of stimuli for future research.
Results and discussion
All observers reported a compelling impression of depth when viewing the displays. The mean perceived depth was calculated for each subject for each condition and analyzed in an analysis of variance (ANOVA). The mean judged depth and reliability measures for each subject for each condition are presented in the appendix. For viewercentered judgments the main effect of texture type was significant (F 3l5 = 15.45, p < 0.01), with mean perceived distance for the compression, convergence, grid, and plank textures of 108.8, 89.5, 98.7, and 89.6 cm, respectively. There were no other significant main effects or interactions. For object-centered judgments the main effect of texture type was significant (F 3 15 = 8.63, p < 0.01). The mean perceived distances for the compression, convergence, grid, and plank textures were 80.4, 62.2, 70.8, and 63.1 cm, respectively. The two-way interaction between viewing condition and depth was significant (F 210 = 4.4, p < 0.05). The mean distance judgments for the 40 cm condition were 65.7, 64.7, and 67.5 cm for the binocular, monocular, and synoptic viewing conditions, respectively. The mean distance judgments for the 80 cm condition were 71.4, 74.9, and 71.2 cm for the binocular, monocular, and synoptic viewing conditions, respectively. There was thus a greater increase in judged distance with an increase in simulated distance for the monocular as compared with binocular and synoptic viewing conditions.
These results appear to contradict those of previous studies of the effects of texture on perceived slant, which indicate that perceived slant, relative to frontal parallel, is greater for convergence than for compression (Gillam 1968; Rosinski and Levine 1976) . Since greater slant from the frontal parallel corresponds to greater depth in the present study, compression would be expected to result in less perceived depth than convergence. We found, however, that greater depth was reported for compression. Two factors may account for this result. The first factor is the slant of the receded surfaces. In previous slant studies perceived slants closer to frontal parallel were examined. In the present study the planes were slanted away from frontal parallel to form ground and ceiling planes. The second factor is the presence of a gap in the display. Previous slant studies presented surfaces that filled the field of view of the display. In the present display a horizontal gap was present in the center of the display, at the position that would represent the maximum depth if the planes had filled the field of view. Possibly visible features at the maximum simulated depth appear too close-because of flatness cues in the image (eg constant luminance) or the equidistance tendency (Gogel 1965 )-and thereby limit the overall perceived depth in the scene. To examine these issues we conducted a second experiment, in which subjects were asked to judge the perceived slant of planes varying in slant from frontal parallel with a gap either present or absent between the ground and ceiling planes.
3 Experiment 2: Slant judgments with two planes 3.1 Methods 3.1.1 Subjects. The subjects were the same as those who participated in experiment 1.
3.1.2 Design. The independent variables were slant (40° or 80°), texture (grid, compression, or convergence pattern), and gap (0 or 2 cm). All variables were run as withinsubjects variables.
3.1.3 Apparatus. The computer graphics system used to generate the displays was the same as that used in experiment 1. Subjects viewed the stimulus displays monocularly through a viewing tube that restricted the field of view to an area of diameter 15.5 deg. The viewing distance was 80 cm. A response display was presented on a separate 38.1 cm monitor, controlled by a Dell 386 computer, located 54 cm to the right of the subject at an angle of 90° to the stimulus display. Subjects used a joystick to adjust the orientation of a line (7.5 cm in length) relative to a horizontal line (24 cm in length) to indicate the perceived slant of the ground plane. The adjustment line was located 9 cm from the right edge of the horizontal line.
3.1.4 Stimuli. The stimuli were similar to those used in experiment 1, except that the slants of the simulated ground and ceiling planes were either 40° or 80° and the planes either intersected at the center of the display or were separated by a horizontal gap of either 21.8 cm by 2 cm or 21.8 cm by 4 cm (see figure 3) . The texture was either a compression, convergence, or grid pattern. The compression texture for 40° slants consisted of thirty-one or twenty-six horizontal lines for the conditions with 0 and 2 cm gaps, respectively. The compression texture for 80° slants consisted of thirty-five or thirty horizontal lines for the conditions with 0 and 2 cm gaps, respectively. The convergence textures for both gap conditions consisted of twenty-four vertical lines for the 40° slants and thirty-two vertical lines for the 80° slants. The grid textures were generated by combining the compression and convergence textures for each gap and slant condition. For example, in the condition with 0 cm gap/80° slant the grid texture consisted of thirty-five horizontal and thirty-two vertical lines whereas in the condition with 2 cm gap/40° slant the grid texture consisted of thirty horizontal and twentyfour vertical lines. Figure 3 . The six types of displays (two gap sizes and convergence, compression, or grid texture) examined in experiments 2 and 3. The displays are simulations of scenes with 40° slant. The color of these displays was similar to the color of the displays used in experiment 1. The displays used in experiments 4 and 5 were rotated in the image plane by 90°.
3.1.5 Procedure. Subjects participated individually and viewed the displays in a dark room. They were told that they would be viewing scenes consisting of a ground and ceiling plane. The subject's task was to adjust the line on the response monitor until it matched the apparent slant, relative to the horizontal line, of the textured display. Subjects received twelve practice trials at the beginning of the experiment (one practice trial for each combination of slant, texture, and gap). They were then shown two blocks of all twelve display conditions presented in random order.
The mean slant judgment was calculated for each subject for each condition and analyzed in an ANOVA. The mean judged slant and reliability measures for each subject for each condition are presented in the appendix. The main effect of slant was significant (F ] 5 = 42.3, p < 0.01). The mean slant judgments for the conditions with 40° and 80° slant were 19.2° and 56.2°, respectively. The main effect of gap was significant (f U5 = 9.4, p < 0.02). The mean slant judgments for the conditions with 0 and 2 cm gaps were 34.6° and 40.8°, respectively. The three-way interaction between slant, gap, and texture was significant (F 2l0 = 6.3, p > 0.01) and is shown in figure 4 . With the 80° slant (ie 10° from a ground plane), the results were similar for both gap conditions; judged slant was greatest for the compression texture, smallest for the convergence texture, and intermediate for the grid texture. The greater effectiveness of compression for the 80° slant as compared with the 40° slant is consistent with the greater perceived depth obtained in experiment 1. For the 40°-slant condition with a 2 cm gap there was little difference between the mean judgments for the convergence and compression conditions. For the 40°-slant condition with a 0 cm gap, however, greater slant was judged with the convergence texture than with the compression texture. These results suggest the following explanation for the discrepancy between our finding of greater depth with compression patterns in experiment 1 and the typical finding of greater depth with convergence patterns: greater depth is perceived with compression patterns when the slanted planes are closer to ground and ceiling planes than to frontal planes and a gap in the texture is present at the greatest simulated depth. The results of experiments 1 and 2 indicate that the relative effectiveness of convergence and compression textures depends on at least two other display variables: the slant of the surface and the presence of a gap between oppositely slanted surfaces. In experiment 2 we found that the presence of a gap between two slanted planes affected the relative influence of convergence and compression on slant judgments. In the displays containing a gap there were no texture elements at the greatest simulated depths. In addition, there were two distinct surfaces rather than a single bent surface present in the display. In experiment 3, we examine the effects of removal of texture elements at the greatest simulated depths without introducing a change in the number of surfaces present in the display by using displays consisting of a ground plane only. The region of the ground plane visible in these displays was matched to the region of the ground plane visible in the displays with 0 and 2 cm gaps in experiment 2.
(Although there is no longer an actual gap between the two planes in this case, we will continue to label these displays as 0 cm gap and 2 cm gap for convenience in comparing the results from the single-plane case to those in the two-plane case.) A third level 4.1.2 Design. The independent variables were slant (40° or 80°), texture (grid, compression, or convergence pattern), and gap (0, 2, or 4 cm). All variables were run as within-subjects variables.
4.1.3 Apparatus. The apparatus was the same as that used in experiment 2.
4.1.4 Stimuli. The stimuli were similar to those used in experiment 2 with the following exception: instead of simulating a ground and ceiling plane the displays simulated only a ground plane. The texture conditions and simulated slants were the same as those examined in experiment 2.
4.1.5 Procedure. The procedure was the same as that used in experiment 2 with the following exception. Subjects were told that they would be viewing scenes consisting of a single plane. Subjects received eighteen practice trials at the beginning of the experiment. They were then shown two blocks of all eighteen display conditions (thirty-six total trials) presented in random order.
The average slant judgment was tabulated for each subject for each condition and analyzed in an ANOVA. The mean judged slant and reliability measures for each subject for each condition are presented in the appendix. The main effect of slant was significant (F ]5 = 48.1, p < 0.01). The mean slant judgments for the conditions with 40° and 80° slants were 14.5° and 53.5°, respectively. The two-way interaction between texture and gap was significant (F 420 =4.96, p < 0.01), as was the three-way interaction between slant, gap, and texture (F 4 20 = 6.24, p < 0.01). This interaction is shown in figure 5 . For the 40°-slant condition the effects of texture were the same for all three gap conditions: the grid texture producing the greatest judged slant, followed by the convergence texture, followed by the compression texture. A different pattern of results was found for the 80°-slant condition. For that slant level the effects of texture varied with gap size. Judged slant was greater for the compression pattern than for the convergence pattern in the conditions with 0 and 2 cm gaps but was greater for the convergence pattern in the condition with 4 cm gap. This pattern of results is somewhat different from that found in experiment 2. Although the relative effects of compression and convergence information on judged surface slant varied with simulated slant in a similar way, there was a difference in the interaction between type of texture and gap. In experiment 4 we examine a possible reason for this difference in results. 
Experiment 4: Slant judgments with a single plane oriented vertically
In experiment 3 we found that when a single plane was close to being a ground plane (the 80°-slant condition) the relative effectiveness of the compression texture in specifying slant was greatest when no gap was present. For the two-plane condition the relative effectiveness of the compression texture was greatest when a gap was present. We suggested in that case that the gap had the effect of eliminating the most distant texture elements, which may have appeared too close owing to flatness cues. The reversal of this result for the single-plane case suggests that a second factor may be operating. When the slant of the plane was close to 90°, the most distant visible line could be interpreted perceptually as a horizon line. The pattern of projected lines for the single plane without a gap was consistent with a ground plane extending to the horizon, and thus with a surface slanted 90° relative to the line of sight. To reduce the likelihood of a horizon interpretation for the most distant line in the compression texture, we rotated the images 90° in the image plane.
(5) The displays were otherwise the same as in experiment 3.
Methods

Subjects.
The subjects were the same as those who participated in experiment 1.
Design.
The independent variables were slant (40° or 80°), texture (grid, compression, or convergence pattern), and gap (0, 2, or 4 cm). All variables were run as within-subjects variables.
Apparatus.
The apparatus was the same as that used in experiment 2.
Stimuli.
The stimuli were similar to those used in experiment 3 with the following exception. Instead of simulating a plane oriented horizontally, the plane was rotated 90° in the image and was thus oriented vertically. The extent in depth, texture patterns, simulated slants, and gap levels were the same as in experiments 2 and 3.
5.1.5 Procedure. The procedure was the same as in experiments 2 and 3 with the following exception. In experiments 2 and 3 the response display was located to the right of the subject with slant judgments made relative to a horizontal line. In experiment 4 the response display was positioned directly in front of the observer and below the viewing apparatus. The response display was oriented so that the line that previously represented a ground plane now represented the image plane. Thus, the subjects' task was to adjust the line to indicate the perceived slant relative to the image plane. Subjects received eighteen practice trials at the beginning of the experiment. They were then shown two blocks of all eighteen display conditions (a total of thirty-six trials) presented in random order.
Results and discussion
The average slant judgment was tabulated for each subject for each condition and analyzed in an ANOVA. The mean judged slant and reliability measures for each subject for each condition are presented in the appendix. The main effect of slant was significant (F l 5 -62.6, p < 0.01). The mean slant judgments for the conditions with 40° and 80° slants were 12.0° and 48.4°, respectively. The main effect of texture was significant (F l5 = 11.1, p < 0.01). The mean slant judgments for the grid, convergence, and compression textures were 39.4°, 29.5°, and 21.7°, respectively. The two-way interaction between simulated slant and gap was significant (F 2 10 = 4.14, p < 0.05) and is shown in figure 6 . According to this result, an increase in the gap size resulted in a decrease in perceived slant for the 80°-slant conditions. In contrast, an increase in the gap size resulted in an increase in perceived slant for the 40°-slant conditions. (5) Although geometrically a horizon line may occur at any orientation, there is some evidence that the horizontal horizon line associated with a ground plane receding into the distance has special importance perceptually (eg Sedgwick 1973).
The two-way interaction between gap and texture was also significant (F 420 = 3.05, p < 0.05). As shown in figure 7, there were no systematic differences in perceived slant for the grid and convergence texture patterns as a function of gap size. However, variations in gap size resulted in a different judged slant for the compression texture, with greater judged slant reported for the no-gap condition. In addition, the overall judged slant was less for the compression texture as compared with the convergence texture across all variations of gap size.
The results of the present experiment suggest that the effect of the gap on judged slant observed in experiment 3 may have been due in part to an interpretation of the line at the greatest simulated distance in the compression texture as a horizon line. Note that the judged slant overall in this experiment was less when the texture pattern was oriented vertically (see figure 7 ) as compared with a horizontal orientation in experiment 2 (see figures 4 and 5). However, the effect of a gap on perceived slant for compression was the same in experiments 3 and 4, indicating that the effect of varying the gap size did not depend entirely on whether the horizontal line at the greatest simulated distance could be interpreted as a horizon line. With a horizontally oriented surface, the relative effectiveness of compression textures and convergence textures depended on the specific combination of conditions, whereas with a vertically oriented surface convergence textures were generally more effective. Experiment 5 addresses the issue of whether a change in orientation of the surfaces will also change the pattern of results when two surfaces are present in the display. To examine this issue we presented subjects with the same displays as those used in experiment 2. However, as with the displays used in experiment 4, we rotated the displays in the image plane so that the slanted surfaces were oriented vertically.
6.1 Methods 6.1.1 Subjects. The subjects were the same as in experiment 1.
6.1.2 Design. The independent variables were slant (40° or 80°), texture (grid, compression, or convergence pattern) and gap (0, 2, or 4 cm). All variables were run as within-subjects variables.
6.1.3 Apparatus. The apparatus was the same as in experiment 2.
6.1.4 Stimuli. The stimuli were similar to those in experiment 2 with the following exception. Instead of simulating a ground and ceiling plane oriented horizontally the displays were rotated in the image plane by 90°. This resulted in displays in which the surfaces were oriented vertically (similar to those examined in experiment 4).
6.1.5 Procedure. The procedure was the same as in experiment 4. Subjects received eighteen practice trials at the beginning of the experiment. They were then shown two blocks of all eighteen display conditions (a total of thirty-six trials) presented in random order.
The average slant judgment was tabulated for each subject for each condition and analyzed in an ANOVA. The mean judged slant and reliability measures for each subject for each condition are presented in the appendix. The main effect of slant was significant (Fj 5 = 47.4, p < 0.01). The mean slant judgments for the conditions with 40° and 80° slants were 20.1° and 47.4°, respectively. The main effect of texture was significant (F { 5 = 8.8, p < 0.01). The mean slant judgments for the grid, convergence, and compression conditions were 41.2°, 37.8°, and 22.2°, respectively. There were no other significant main effects or interactions. The results of experiment 5 suggest that the effectiveness of compression as compared with convergence texture, observed in experiment 2, may have been due in part to a perceived horizon from the compression gradient. Specifically, the results of experiment 2 indicated that greater slant was perceived for compression as compared with convergence texture when the slant of the surface was 80° as compared with 40°. In addition, the effectiveness of compression as compared with convergence for specifying slant varied as a function of the presence of a gap in experiment 2. This three-way interaction, which was significant in experiment 2, was not significant in experiment 5. In addition, the compression texture was judged to have less slant than the convergence texture across all conditions examined in experiment 5. Thus, the effectiveness of compression texture in specifying slant was reduced when the surfaces were oriented vertically-a manipulation that removed the possibility that the most distant line in the compression texture could serve as a horizon line.
Composite analysis
The results of experiments 2 through 5 indicated that the effects of gap size and texture on slant judgments depend on the number of planes present and the orientation of the planes. To precisely assess the effects of these variables we conducted an ANOVA across all four experiments-a set of experiments that involved the same subjects and was counterbalanced by the number of planes in the display. (6) In the composite analysis the mean judged slant for each subject in each condition was analyzed in a five-way (slant x texture x gap x number of planes x orientation) ANOVA. (6) Since experiment 2 contained only two levels of the gap variable, an alternative version of that experiment was used in the composite analysis. The alternative version was identical to experiment 2 except for the addition of a gap level of 4 cm. In this experiment the main effect of slant was significant (Fj 5 = 32.1, p < 0.02). The mean slant judgments for the conditions with 40° and 80° slants were 18.6° and 55.4°, respectively. The main effect of gap was significant (F l s = 7.9, p < 0.01). The mean slant judgments for the conditions with 0, 2, and 4 cm gaps were 34.3 6 , 37.9°, and 38.8°, respectively.
The main effect of simulated slant was significant (F U5 = 61.0, p < 0.01). The mean reported slants for the conditions with 40° and 80° slants were 16.3° and 51.1°, respectively. The main effect of texture was significant (i^1 0 =5.01, p < 0.05). The mean reported slants for the grid, convergence, and compression textures were 40.0°, 33.6°, and 27.6°, respectively.
The two-way interaction between texture and surface orientation was significant (F 210 = 9.8, p < 0.01). It can be seen from figure 8 that there was no systematic effect of surface orientation on judged slant for the grid and convergence textures. Judged slant varied with surface orientation for the compression texture, however, with greater slant reported for horizontally as compared with vertically oriented surfaces. These results are consistent with the hypothesis that compression textures are more effective in specifying slant when the parallel lines in the texture are oriented horizontally, thus allowing the most distant line to be interpreted as a horizon line.
The two-way interaction between gap and number of planes was significant (F 2l0 -5j ? p < 0.025) and is shown in figure 9 . Here we see relatively little change in judged slant as a function of gap size for the single-plane condition. In contrast, we find an increase in judged slant with increasing gap size for the two-plane condition. These results are consistent with the hypothesis that the increase in judged slant with increased gap size in the two-plane condition is due to the elimination of visible texture elements at the intersection of the planes. Visible elements at the intersection of the planes may appear too close owing to flatness cues in the display. Visible elements at the intersection may thus contradict any tendency to see the planes as ground and ceiling planes, which would intersect at an infinite distance. These factors are reduced for the single-plane case since there is no issue of intersection in that case. A similar effect of gap is present in the significant two-way interaction between gap size and plane orientation CF 2 ,io = 5.9, p < 0.025) and is shown in figure 10 . There was little or no change in perceived slant with increasing gap size for the vertically oriented surfaces. However, perceived slant increased with an increase in gap size for the horizontally oriented surfaces. This result indicates that the effects of gap size depended on the surfaces having a horizontal orientation and suggests that the increase in perceived slant with an increase in gap size may be due in part to availability of texture information for specifying a horizon.
Several three-way interactions were significant. The interaction among slant, gap size, and number of planes (F 2]0 = 5.1, p < 0.05) is shown in figure 11 . There was little variation in judged slant as a function of gap size for the 40°-slant conditions, but the effects of gap varied with number of planes for the 80°-slant conditions. An increase in gap size resulted in a decrease in judged slant in the single-plane condition but resulted in an increase in judged slant in the two-plane condition. This result indicates that the two-way interaction between the number of planes and gap size (see figure 9 ) was primarily due to the 80°-slant as compared with the 40°-slant conditions. The three-way interaction among surface orientation, slant, and gap size was significant (F 2l0 =4.8, p < 0.05) and is shown in figure 12 . There was little difference in perceived slant, as a function of gap size, for the 40°-slant condition. For the 80°-slant condition, however, judged slant increased with increasing gap size when the surfaces were oriented horizontally but decreased with increasing gap size when the surfaces were oriented vertically. These results suggest that the presence of information for a horizon, when a gap was present, only occurred when the surface was close to a ground plane (80° slant and horizontal orientation).
The three-way interaction among number of planes, gap size, and texture was significant (F^2 0 = 5.6, p < 0.01) and is shown in figure 13 . In most conditions less slant was reported for the compression texture than for the convergence texture. For the two-plane displays with the largest gap size, however, the difference between the results for the two textures is minimal.
Last, the three-way interaction among slant, texture, and gap size was significant (^4,20 = 3.2, /? < 0.05) and is shown in figure 14 . Here we see conditions under which judged slant is greater for the compression texture than for the convergence texture. This occurred with the conditions with 80° slant and 0 cm gap. 
Conclusions
In the present experiments we examined judgments of depth and surface slant for planar surfaces with regular texture patterns. The results of these experiments reveal conditions under which greater depth and slant are judged with compression textures than with convergence textures and conditions under which greater depth and slant are judged when the most distant texture elements are deleted from the image. Judged depth and slant was greater with compression textures when the plane or planes in a display were oriented horizontally and were slanted 80° out of the frontal plane. This suggests that the effectiveness of compression is greatest when the display is consistent with a ground plane, with or without a ceiling plane. A possible explanation of this result is that the most distant horizontal line in a horizontally oriented compression texture is interpreted as a horizon line, thus increasing the perceived depth and slant of the display, whereas with a vertically oriented texture this interpretation does not occur. Similarly, the horizon-line interpretation would be more consistent with a texture simulating a plane that is nearly parallel to the line of sight (80° slant) than with a texture simulating a plane that is closer to frontal (40° slant).
The relative effectiveness of compression also depended on whether or not texture elements were displayed at the greatest simulated distance. With two horizontal planes, the presence of a gap increased the relative effectiveness of compression. With one plane present, whether horizontal or vertical, the relative effectiveness of compression was greater when no texture elements were deleted. We suggest the following explanation for this interaction. With two planes displayed, the most distant texture elements are at the intersection of these planes. The horizon interpretation for the most distant horizontal line would require that this intersection be infinitely distant. The intersection, however, is likely to appear much closer, possibly because of the flatness cues (eg constant luminance, accommodation information indicating a flat screen) inherent in a two-dimensional image. The visible texture elements at the intersection thus inhibit the horizon interpretation. With only one plane present, on the other hand, there is no issue of locating a dihedral edge in depth, and including the most distant texture elements increases the depth that is simulated in the image.
The effect of a gap is not specific to the type of texture. Judged slant generally increased with gap size for two-plane displays but not for single-plane displays, and for horizontally oriented displays but not for vertically oriented displays.
In summary, judged depth and slant of surfaces in 3-D scenes depend on at least five variables: (1) number of surfaces, (2) surface orientation, (3) simulated surface slant, (4) type of texture, and (5) presence or absence of texture elements at the greatest simulated distance. In most cases, judgments depend on the interactions of several of these variables. These interactions appear to be based on two related factors: (1) the perception of the horizontal line at the greatest simulated distance as a horizon line, and (2) the perception of the intersection of two surfaces as too close if the intersection is explicitly present in the display. An understanding of these complex interactions is important in interpreting previous results (Gillam 1968 (Gillam , 1970 (Gillam , 1995 Goodenough and Gillam 1997; Rosinski and Levine 1976) , such as those showing a generally greater effectiveness of convergence textures relative to compression textures, and in guiding new research on the effects of texture in the perception of 3-D scenes.
APPENDIX
The following tables include the mean judged depth and mean reliability measures (within-subject standard deviation divided by within-subject mean), averaged across subjects for experiment 1, and mean judged slant and mean reliability measures averaged across subjects for experiments 2-5. 'Conv' and 'comp' refer to convergence and compression textures, respectively. Table A2 . Reliability measures for experiment 1 for object-centered and viewer-centered depth judgments for depths of 40 and 80 cm and for four textures, Table A3 . Mean judged slant (in °) and reliability measures for experiment 2 for three textures and for gaps of 0 and 2 cm. 
